Pure Mg(BH 4 ) 2 has been characterized by single-crystal and powder synchrotron X-ray diffraction and by vibrational spectroscopies. The earlier reported P6 1 structure of the R-phase is revised in the space group P6 1 22. Location of the H-atoms from powder data in the published P6 1 models posed the main problem for the identification of the correct symmetry: wrongly determined orientations of some BH 4 groups hampered a successful detection of the true P6 1 22 symmetry. Four nearly ideally tetrahedral BH 4 groups form a dodecahedral MgH 8 coordination around each Mg atom, which can be described as a slightly distorted snub disphenoid, where two nearly planar BH 2 -Mg-H 2 B fragments are situated at ∼90°dihedral angle. The H · · · H distances between two BH 4 groups within the BH 2 -Mg-H 2 B fragments are among the shortest (2.18-2.28 Å) in the structurally characterized metal borohydrides. R-Mg(BH 4 ) 2 contains an unoccupied void, accounting for 6.4% of space in the structure. It is large enough (37 Å 3 ) to accommodate a small molecule, such as H 2 O. The high-temperature ?-phase is less dense by ∼3% but contains no unoccupied voids. The R-phase transforms into the ?-phase above 490 K; the latter is quenched (metastable) on cooling. The anomalous cell expansion of the ?-phase down to 100 K may be related to the evolution of the free energy profile far from the phase transition temperature.
Introduction
Because of high gravimetric hydrogen density, metal borohydrides are seen as promising materials for energy storage. Indeed, some borohydrides desorb a large quantity of hydrogen (up to 20.8%), although the decompositon temperatures are usually high. 1 Magnesium borohydride currently attracts a particular interest. The Pauling electronegativity of magnesium is higher than of the alkaline metals, and given its empirical relation with the enthalpy of formation, 2 this makes Mg(BH 4 ) 2 more interesting for hydrogen storage applications than MBH 4 (M ) Li, Na, K).
Two experimental studies of Mg(BH 4 ) 2 structures were done recently: one by a combination of the synchrotron and neutron powder diffraction techniques on the hexagonal R-phase 3 and the other by the synchrotron X-ray powder diffraction on the R-phase and on the high-temperature orthorhombic ?-phase. 4 Subsequent theoretical works were focused on the experimentally observed phases 5, 6 and were aiming to predict other stable modifications of magnesium borohydride. 7 The P6 1 symmetry of the R-phase Thermal decomposition of Mg(BH 4 ) 2 proceeds via several steps, as revealed by TG-DTA-DSC 8 and by TG-PCT. 9 The only in situ diffraction work 10 also aimed to study the decomposition routes, leaving the temperature evolution of the Mg(BH 4 ) 2 phases (e.g., thermal expansion) out of the scope of the investigation. However, the theoretical estimates of the enthalpy of the decomposition 6, 7 indicate that the thermodynamics of the hydrogen desorption from Mg(BH 4 ) 2 is close to that of an ideal hydrogen storage material, suggesting the latter may be well suited for reversible hydrogen storage.
To resolve the symmetry ambiguity for the R-phase, we decided to employ single-crystal diffraction. This is the technique which we recently successfully applied to other metal borohydride systems.
11-13
Following our observation of grain growth below the R f ? phase transition, we annealed the sample of R-Mg(BH 4 ) 2 and succeeded in obtaining single crystals sufficiently large for the diffraction study, while the use the synchrotron radiation yielded highquality data. The latter provided a wealth of new reliable information, in particular with respect to position of hydrogen atoms, enabling us to correct the symmetry and some structural details of the R-phase and make a few important observations on the crystal chemistry of magnesium borohydride. We also compared the results of different diffraction techniques and of the DFT calculations. R-and ?-Mg(BH 4 ) 2 phases were studied by in situ powder diffraction within 100-500 K range, uncovering an anomalous thermal expansion behavior. Also, for the first time, the neat 100% pure sample was characterized by Raman and infrared spectroscopies, showing a difference with the measurements done on KBr + Mg(BH 4 ) 2 pellets.
Experimental Section
Synthesis of Pure Mg(BH 4 ) 2 . The title compound was prepared according to a modified synthesis procedure outlined in ref 14. About 12 mL of triethylamine-borane was added under dry nitrogen atmosphere to 1 g of milled MgH 2 (milling time 2 h). The mixture was heated for 1 h to 100°C and then for 6 h to 145°C
, observing a substantial evolution of gas. After cooling, a black mass was obtained. Thirty milliliters of hexane were added, and the mixture was left to stand overnight. As the mass remained compact, the hexane was evaporated under vacuum and Mg(BH 4 ) 2 was extracted from the mass by adding about 100 mL of diethyl ether. The resulting suspension was decanted, and the supernatant ether solution was evaporated to yield a small amount of solid which was dried over several days under vacuum at increasing temperatures of up to 130°C, similar to our previously reported synthesis. 3 X-ray diffraction confirmed 100% purity of the sample.
Single-Crystal Diffraction. A crystal of ∼50 µm size has been selected from the powder sample which was annealed for one week under 1 bar of argon at 453 K. The crystal was selected under a protective layer of oil and rapidly transferred to a 100 K nitrogen stream. Diffraction measurements were done at the SwissNorwegian Beam Lines (SNBL) at the European Synchrotron Radiation Facility (ESRF). Diffraction data were taken at 100 K using the MAR345 Image Plate detector, at the wavelength 0.770294 Å and the crystal-to-detector distance of 150 mm. A total of 219 frames with 1°rotation and 10 s exposure time have been collected. All diffraction intensities could be indexed in a primitive hexagonal lattice. A total of 18 572 diffraction intensities were integrated using CrysAlis software. 15 A highly redundant data set (∼99.8% completeness, more than 13 equiv or repetitive measurements per unique reflection up to 0.95 Å resolution) was obtained. The data were corrected for Lorentz factor and polarization effects. Absorption correction and scaling of frames for the decaying intensity of the synchrotron beam were performed using SADABS.
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The structure was refined with SHELXL 17 using the suggested P6 1 22 structure 5 as a starting model. Mg and B atoms were refined anisotropically, while the H atoms were refined isotropically without any constraints. Neutral atom scattering factors were used. PLA-TON 18 did not detect higher metric or crystallographic symmetry than P6 1 22 but revealed a void at x ) 0.093, y ) 0.186, and z ) 0.250 with the shortest distance to the nearest atoms (H) of about 2.7 Å. Refinement shows that the void is unoccupied.
Crystal data: Mg(BH 4 ) 2 , M ) 53.994 g/mol, hexagonal, space group P6 1 22, a ) 10.3540(12), c ) 37.055(4) Å, V ) 3440.3(7) Å 3 , Z ) 30, F c ) 0.782 g/cm 3 , µ ) 0.16 mm -1 , T ) 100 K, R int ) 0.0635, R σ ) 0.0240. 150 refined parameters, R 1 ) 0.0408 and wR 2 ) 0.0929 for 1323 independent reflections with I > 2σ(I); R 1 ) 0.0445 and wR 2 ) 0.0952 for all 1411 independent reflections (Friedel pairs not merged), GoF ) 1.180, Flack parameter 0.0(6), ∆F max/min ) 0.14(4)/-0.17(4) e/Å 3 . In Situ Powder Diffraction. Diffraction data for the polycrystalline sample were collected on a 0.5 mm glass capillary filled in a high purity Ar atmosphere with a fine powder of Mg(BH 4 ) 2 . A MAR345 Imaging Plate detector at the sample-to-detector distance of 250 mm and synchrotron radiation at λ ) 0.770294 Å were used. The capillary was heated from 100 to 500 K and then cooled down to 100 K at a 120 K per hour rate, while synchrotron powder diffraction data were collected in situ. Temperature was controlled with an Oxford Cryostream 700+. Each pattern was collected during 60 s exposure time, while the capillary was rotated by 60°, followed by a readout during 83 s. The data were integrated using Fit2D program 19 and a calibration measurement of a NIST LaB 6 standard sample. Rotation of the sample during the measurement and integration of the diffraction rings provides very good powder averaging. Uncertainties of the integrated intensities were calculated at each 2θ-point by applying Poisson statistics to the intensity data, considering the geometry of the detector, similar to the procedure described in ref 20.
Rietveld refinement for the R-phase was based on the atomic coordinates we determined from the single-crystal diffraction data and for the ?-phase on the structural data reported in ref 4 for the Immm average of the Fddd structure. All atomic parameters were fixed, while the cell and profile parameters were refined sequentially using Fullprof. 21 This yielded the temperature dependence of the unit cell parameters for the low-and high-temperature phases of Mg(BH 4 ) 2 . The cell parameters refined for the Immm model ( 1 / 2 × 1 / 2 × 1 / 2 of the true unit cell) were finally doubled. The typical fit of the P6 1 22 structure to the image-plate powder diffraction data is illustrated in Figure S1 (Supporting Information) with a pattern collected at 92 K.
High-Resolution Powder Diffraction. High-resolution powder diffraction data were collected at room temperature on the 0.5 mm glass capillary filled with the same powder. The synchrotron radiation (Materials Science Beamline at the SLS, PSI) at λ ) 0.880114 Å and silicon strip detector MYTHEN II were used. Twenty-two powder patterns at two different detector positions were collected for 5 s each and then binned into one pattern. The diffractometer was calibrated with an external silicon standard.
The structure was refined using the TOPAS Academic 22 and the single-crystal results as a starting model. The displacement parameters of magnesium and boron atoms were refined anisotropically; one common isotropic displacement factor was refined for hydrogen atoms. The BH 4 groups occupying general positions were refined as rigid ideally tetrahedral units, using the same B-H distance for all the BH 4 groups as the only varied parameter. The uncertainties of crystallographic coordinates of hydrogen atoms were therefore not available from the least-squares matrix and were estimated by the bootstrap method. 23 For the P6 1 22 model, the agreement factors are R wp (not corrected for background) ) 0.65%, R p (corrected for background) ) 7.12%, ?
2 ) 4.69, and R Bragg ) 0.17%. The B-H distance was refined to 1.117(7) Å. The fit of the P6 1 22 structure to the high-resolution powder diffraction data is shown in Figure S2 (Supporting Information). A similar refinement has been attempted for comparison in the space group P6 1 , which involves almost twice as many variables as in P6 1 22, and yields similar agreement factors: R wp (not corrected for background) ) 0.64%, R p (corrected for background) ) 7.22%, ?
2 ) 4.64, and R Bragg ) 0.24%.
IR and Raman Spectroscopy. Infrared measurements on the neat powder samples were done using a Specac "Golden Gate" ATR cell in a Perkin-Elmer Spectrum One instrument with a nominal resolution of 2 cm -1 . The samples were loaded into the ATR cell in an argon-filled glovebox. Raman spectra were obtained using a Labram Raman microscope (with 532 nm excitation) on the samples sealed in glass capillaries; the spectral resolution was 3-4 cm -1 .
Results and Discussion
Our single-crystal diffraction study shows that the true symmetry of R-Mg(BH 4 ) 2 is higher than it was originally reported by two independent groups from powder diffraction data.
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The space group is revised from polar P6 1 to nonpolar P6 1 22, in agreement with a suggestion made by Dai et al., 5 based on the DFT optimization of the experimental P6 1 structure. High accuracy and precision of the structural parameters obtained by single-crystal diffraction allows us first to compare the results of different diffraction techniques and of the DFT calculations and then to focus on the crystal chemistry of magnesium borohydride, trying to understand which building principles are the driving forces defining such a complex structure of the seemingly simple system. This will help to understand better the stability of the light metal borohydrides.
Comparison of Structural Data Obtained by Various Techniques. The main distances and angles in R-Mg(BH 4 ) 2 determined by various diffraction techniques in the space groups P6 1 and P6 1 22 and by DFT optimization of the experimental structure are presented in Table 1 . Atomic coordinates found in the DFT study and in this work are standardized and put for comparison in Table S1 of the Supporting Information. The differences in atomic positions between the DFT-optimized and our experimental P6 1 22 structures (both from the single crystal and powder diffraction) are listed in Table S2 (Supporting Information).
The comparison shows that the DFT-optimized and singlecrystal structures are very close: positions of the individual atoms differ by 0.06 to 0.37 Å, with a mean difference of 0.16 Å. Assuming the corrected positions of H-atoms (see below in the text) the differences decrease to 0.05-0.32 Å with the mean of 0.14 Å. The largest differences are observed for the two BH 4 groups occupying the special positions on the 2-axis (atoms B1 and B2): the mean difference for these groups is 0.24 Å, compared to 0.12 Å for the remaining atoms.
Our new synchrotron powder diffraction data, collected on the single-phase sample, result in a very good agreement with the single-crystal structure (see Table 1S , Supporting Information). Differences between the Rietveld refined atomic coordinates and those obtained in the single-crystal and DFT studies (see Tables S1 and S2 in the Supporting Information for comparison) show a 0.01-0.34 Å spread, with a mean of 0.17 Å. Thus, the restrained refinement using high-resolution powder data collected on the 100% pure sample allows us to approach the accuracy of the singlecrystal study. We should note, however, that Rietveld refinement with random initial BH 4 orientations converged to a different local minimum, where at least one BH 4 group is flipped comparing to the single-crystal structure. The best R-factors (the global minimum) were achieved only when the restrained Rietveld refinement was started with the initial coordinates of the single-crystal structure. Thus, even highquality synchrotron powder data, when used alone, do not allow to determine reliably orientation of all the BH 4 groups in R-Mg(BH 4 ) 2 .
We used the Addsym procedure in Platon 18 to quantify the deviation of the Mg(BH 4 ) 2 structure refined in the space group P6 1 from the P6 1 22 average. With the single-crystal data, the maximal deviation of atomic positions in P6 1 model from the P6 1 22 average is 0.09 Å. Powder diffraction provides lower accuracy: using our new SLS data collected on the single-phase sample, we find 0.35 Å maximal deviation of the refined P6 1 model from the P6 1 22 average. The previously published powder diffraction studies suffer from similar problems: 94% of the P6 1 structure model refined from the combination of synchrotron and neutron powder data 3 show less than 0.53 Å deviations of atomic positions from the P6 1 22 average. However, deuterium atoms of one of the BD 4 groups (occupying the special position in P6 1 22) show a strong disagreement with the P6 1 22 structure. A comparable discrepancy is observed for the P6 1 structure model refined from the synchrotron powder data only, 4 where most of the atoms reveal less than 0.49 Å deviations from the P6 1 22 average, while hydrogen atoms of three BH 4 groups do not fit the P6 1 22 symmetry.
In all four cases, the largest differences involve hydrogen atoms. Magnesium and boron atoms can be located with high accuracy even in the P6 1 model using powder diffraction data: these atoms show only a marginal difference with the P6 1 22 average and with the theoretically optimized structure.
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In contrast to the heavier atoms, hydrogen posed the main problem for the identification of the correct symmetry: some incorrect orientations of the BH 4 groups in the space group P6 1 were trapped in a local and probably rather flat minimum of the corresponding cost functions, first during the global optimization of the structure solution and later during the Rietveld refinement. Thus the P6 1 model was technically far from the P6 1 22 average, and this hampered a successful detection of the true P6 1 22 symmetry by automatic algorithms, such as Addsym in Platon. 18 We should note also that the refinement in P6 1 involves almost twice as many variables as in P6 1 22. Any difference between the calculated and observed intensities, including all kinds of random and systematic errors, is reduced by refining more variables in P6 1 than in P6 1 22. In powder diffraction patterns, the full overlap of the hkl and khl reflections, equivalent in P6 1 22 but inequivalent in P6 1 , impedes resolving this ambiguity. Single-crystal diffraction, where these reflections are measured separately, is more ). Detailed study of the simple metal borohydrides structures 12, 13 showed that ∼0.08 Å of this difference originates from the displacement of the electron cloud seen by X-rays relative to an average nuclear position. The refined atomic displacements of B and H-atoms in Mg(BH 4 ) 2 at 100 K are very similar, suggesting that the libration of the BH 4 units is small and therefore an apparent shortening of the B-H bonds due to this geometric effect is indeed insignificant. This view finds a support from the powder diffraction study at room temperature: the common B-H distance refined for all the BH 4 groups is only slightly shorter, 1.117(7) Å, than the 1.142(8) Å mean at 100 K. Thus, the apparent shortening of the B-H distances due to an increased BH 4 libration when going from 100 K to the room temperature is rather small (∼0.025 Å). To evaluate better the geometry of the BH 4 · · · Mg interaction (see below) and to compare directly our experimental results with the DFT calculations (see Table S2 , Supporting Information), the apparent hydrogen atom positions at 100 K were corrected by extending the average experimental B-H bond lengths by 0.082 Å. The list of corrected positions is given in Table S1 (Supporting Information). Below we will discuss geometrical characteristics using the corrected coordinates of the H atoms.
Coordination of the BH 4 Groups. The tetrahedral BH 4 groups are coordinated by Mg atoms via the two opposite edges. The resulting Mg-H 2 B bridges are approximately flat, and this results in relatively long Mg-B distances, which cover a very narrow range from 2.400(4) to 2.437(4) Å, as well as maximizes the Mg · · · Mg distances so that the shortest one exceeds 4.65 Å. However, the deviation of a Mg atom from the plane defined by the three atoms belonging to the coordinated H 2 B edge can be as large as 1 Å, as for instance for Mg atoms near B1 and B6. Thus, the resulting Mg-H 2 BH 2 -Mg fragments are not strictly linear: the Mg-B-Mg angles range 148-170°(see Table 1 107(1)°6). Again, the spread of the H-B-H angles for the coordinated edges of BH 4 is almost two times smaller than for the noncoordinated ones. Thus, the DFT model shows the same trend, revealing even the larger difference: the mean experimental difference between the Mgcoordinated and noncoordinated H-B-H angles is 2.0°, while the calculated model gives more than 8°. The differences are statistically significant: the standard error of the mean is 0.50-0.75°for the experiment and 0.11-0.12°for the theoretically optimized structure. The smaller difference observed in the experiment is likely caused by the displacement of the electron cloud seen by X-rays relative to the nuclear position of the hydrogen atoms. The DFT study of the similar compound, Be-(BH 4 ) 2 , 24 reveals that the charge density in the Be-H 2 B fragments is clearly shifted toward the center of the Be-H 2 -B rhomb: it results in smaller H-B-H angles for the coordinated H 2 B group, when estimated from the centers of the electron clouds comparing to the actual nuclear positions. A similar experimentally detected distortion of the BH 4 groups, which correlates with the results of the electron diffraction studies in the gas phase and of the DFT calculations, was observed for Al(BH 4 ) 3 structures. 25 This distortion can be attributed to the strong polarizing effect of the M 2+ and M 3+ cations or to a partially covalent M-BH 4 interaction.
Coordination of Mg Atoms. Mg atoms clearly take an intermediate position between the smaller beryllium atoms, which are surrounded by three BH 4 groups in Be(BH 4 ) 2 , 26 and the larger calcium atoms taking an octahedral coordination in three structurally characterized Ca(BH 4 ) 2 phases.
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The strongly deformed tetrahedral environment of Mg atoms by four BH 4 groups was found in the original P6 1 structure models.
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In the revised P6 1 22 structure, the B-Mg-B angles fall in a narrower range (92-129°, see Table 1 The MgH 8 coordination polyhedra in R-Mg(BH 4 ) 2 have 12 faces, so they can be generally called dodecahedra, but more precisely they are slightly distorted snub disphenoids (see Figure S3 , Supporting Information). The long-range packing, based on the MgH 8 snub disphenoids and nearly linearly coordinated H 2 BH 2 units, results in screwed (-Mg-BH 4 -) n chains of large periodicity which are finally organized into the 3D network involving a large number of 5-membered (-Mg-BH 4 -) 5 rings. Indeed, it was pointed out by Setten et al. 6 that a much simpler Cu 2 O-type structure of Mg(BH 4 ) 2 , proposed in ref 3, is impossible with these local geometries. However, it has passed unnoticed that MgH 8 polyhedra in the Fddd polymorph of Mg(BH 4 ) 2 (?-phase) have a different geometry, that is, slightly distorted biaugmented triangular prism (see Figure S3 , Supporting Information) for one independent Mg atom and gyrobifastigium (see Figure S3 , Supporting Information) for the other. These two polyhedra have 9 and 8 faces, respectively, and they allow for completely different topology of (-Mg-BH 4 -) n chains and rings; in particular, no oddmembered rings are observed in ?-Mg(BH 4 ) 2 . While the formation of the complex P6 1 22 structure is closely related to the dodecahedral MgH 8 configuration, we still see the hypothetical Cu 2 O-type structure possible with different MgH 8 geometries.
The BH 4 groups are held by strong covalent bonds, so the intramolecular H · · · H distances (within the BH 4 groups) Mg-H distances in R-Mg(BH 4 ) 2 , as described originally in the space group P6 1 , 3, 4 showed very large spread (see Table 1 ), if we assume BH 4 coordination by Mg via the edges. Table 2 in ref 5 lists only the lower range of Mg-H distances, thus yielding a strongly underestimated 1.85 Å average, leading to a fictitious contradiction with theory. Actually, the average Mg-H distances determined by different techniques are similar, and only the spread of values differs (see Table 1 ). The single-crystal study gives a 1.92-2.16 Å range, which is only slightly broader than the 2.00-2.13 Å range found theoretically. Experimentally determined Mg-H distances linearly correlate with B-H-Mg angles, in a very similar way as in the DFT-optimized structure (see Figure S4 , Supporting Information). Variation of Mg · · · H distances and the deformation of the BH 2 -Mg-H 2 B planes from the ideal values allows certain flexibility in a mutual orientation of the [Mg(BH 4 ) 4 ] tetrahedra. Combined with the deformation of the pseudolinear Mg-H 2 BH 2 -Mg fragments, this leads to a significant deviation from the ideal coordination geometries for Mg atoms and for the BH 4 groups, as illustrated in Figure 2 . Small but ubiquitous deviations from the ideal coordination geometries presumably allow the structure to pack more densely. However, we have unexpectedly discovered empty voids in this seemingly ionic structure.
Unoccupied Voids. Using a probe of 1.2 Å radius in Platon 18 and assuming a 1.2 Å van der Waals radius of the hydrogen atom, a void was detected in the P6 1 22 structure determined from the single crystal diffraction data. The void is located in a Wyckoff site 6b (x 2x 1 / 4 ) at x ) 0.093. This point is 2.76 Å apart from the nearest (H) atom (2.71 Å using the corrected positions of H-atoms). A detailed examination revealed that the void may host even a bigger atom: a point at x ) 0.105 has its 12 shortest contacts to H-atoms at 2.91-3.29 Å (2.86-3.25 Å using the corrected positions of H-atoms), 8 contacts to B-atoms at 3.40-4.08 Å, and the shortest contact to Mg is 3.70 Å. An analysis with a probe of 1.0 Å radius shows that this void accounts for 7.5% of space in the structure; this estimate is lowered to 6.4% considering the corrected positions of H-atoms.
A possible collapse of the unoccupied void might contribute significantly to a volume drop upon a hypothetical transition to a denser phase at high pressures. The large void volume of 43 Å 3 (37 Å 3 taking the corrected positions of H-atoms) allows us to consider it to be solvent accessible: it is sufficiently large to accommodate a small molecule, such as H 2 O.
Importantly, the void forms a spiral around the 6 1 axis, with 6.47 Å distance between the symmetry-related voids. This creates an infinite channel along 00z direction, which may provide a path for hydrogen diffusion during initial stages of hydrogen desorption. It is remarkable that the hightemperature ?-phase, crystallizing in the space group Fddd, 4 contains no unoccupied voids.
Anisotropy of Thermal Expansion of r-and ?-Mg(BH 4 ) 2 . Cell parameters, refined from the in situ diffraction data, are shown in Figure 3 . First, we wish to clarify that there is a no disagreement between the cell parameters determined in the two previous experiments temperature. Similar cell contraction for deuterated derivatives was observed in other metal-borohydride systems.
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A smooth variation of the cell parameters for the R-phase indicates that there is no hypothetical transition from the P6 1 22 structure to P6 1 or vice versa, supposed in ref 5, and therefore the structure revision for the hexagonal phase is valid at all temperatures.
Our experiments show that the pure R-phase starts to transform into the ?-phase at about 490 K and the conversion completes at 500 K within a few minutes. This transition temperature is slightly higher than 453-473 K, reported by Her at el. 4 It is indeed remarkable that the high-temperature ?-phase does not transform back to the R-phase when cooled down to 100 K: although the ?-phase contains no unoccupied voids, it is by 2.3-3.4% less dense than the R-phase. As illustrated in Figure S5 , Supporting Information, the lower limit of this difference corresponds to 100 K and the higher to the transition temperature, slightly below 500 K. At ambient conditions this difference equals 3.0%, in good agreement with the data in ref 4.
Within the 100-500 K temperature range the unit cell parameters for the R-phase can be approximated by the following equations (Å for a and c, Å cooling and the ?-phase becomes quenched at low temperatures. The change of the potential energy landscapes with temperature results in the anomalous behavior of the cell parameters. Therefore, the anomalous cell expansion, indicating unexpected lattice anharmonicity at low temperatures, may be related to the evolution of the free energy profile far from the phase transition temperature. It is interesting to note that the refined atomic displacements in the Fddd structure do not detectably decrease as temperature goes down, while for the P6 1 22 structure we observe their pronounced nearly linear decrease. The closest analogue of Mg(BH 4 ) 2 , the recently studied Ca(BH 4 ) 2 , also displays a reconstructive transition at high temperatures, and the high-temperature ?-phase (space group P4 j ) can also be easily quenched, but neither this phase nor the low-temperature R-(F2dd) and R′-phases (I-42d) show any anomalies of the thermal expansion. 26 Moreover, the ?-phase of Ca(BH 4 ) 2 is significantly more dense than the low-temperature phases. None of the structures observed for Ca(BH 4 ) 2 , neither the theoretically predicted I4 j m2 , while in our spectrum it appears at 1258 cm The Raman shifts corresponding to the internal modes are observed at slightly higher wavenumbers (ca. 5 cm -1 ) than in our previous study. band seen in the IR spectrum is not clear. We have obtained preliminary temperature dependent Raman spectra of Mg(BH 4 ) 2 ; however, as soon as the sample undergoes the phase transition at high temperature, a very strong background signal, which does not disappear upon cooling, hinders considerably the collection of usable data.
Conclusions
In this work we have obtained a pure Mg(BH 4 ) 2 sample and characterized it by synchrotron X-ray diffraction and vibrational spectroscopy. The structure of the low-temperature R-phase, originally reported by two independent groups in the space group P6 1 , 3, 4 is revised in the space group P6 1 22, using 100 K single-crystal diffraction data. The revision supports the suggestion made in the DFT study 5 of the P6 1 structure. Analysis of the published P6 1 models shows that location of the H-atoms from powder data posed the main problem for the identification of the correct symmetry: wrongly determined orientations of some BH 4 groups hampered a successful detection of the true P6 1 22 symmetry by automatic algorithms. On the other hand, the restrained refinement in P6 1 22, using our new high-resolution powder data, allows the accuracy of the single-crystal study to be approached.
Experimentally determined B-H distances are statistically identical, displaying the 1.142 Å mean over 20 independent bond lengths. The experimental average is by 0.082 Å shorter than the theoretical one (1.224 Å 5 ). The major part of this difference is due to the displacement of the electron cloud seen by X-rays relative to an average nuclear position, 13 while the contribution of BH 4 libration to the shortening of the B-H bonds is small. To evaluate better the crystal chemistry, the apparent hydrogen atom positions at 100 K were corrected by extending the average experimental B-H bond lengths to the theoretical value. The BH 4 groups are coordinated by Mg atoms via the two opposite edges, but the Mg-H 2 BH 2 -Mg fragments are not strictly linear: the Mg-B-Mg angles range from 148 to 170°. H-B-H angles in the Mg-H 2 B fragments are in average by 2°more open than for the noncoordinated ones. The DFT model shows the same trend with an even larger difference. A detectable distortion of the tetrahedral BH 4 groups can be attributed to the strong polarizing effect of the Mg 2+ cation or to a partially covalent Mg-BH 4 interaction.
The dodecahedral MgH 8 coordination of the three independent Mg atoms in R-Mg(BH 4 ) 2 can be described as a slightly distorted snub disphenoid. Four BH 4 groups around each Mg can be grouped in two pairs, each forming a nearly planar BH 2 -Mg-H 2 B fragment, with the two fragments forming an ∼90°dihedral angle. The shortest H · · · H distances between the BH 4 groups (2.18-2.28 Å) appear within these BH 2 -Mg-H 2 B fragments, and they are among the shortest in the structurally characterized metal borohydrides. 30 All other intermolecular H · · · H contacts in R-Mg-(BH 4 ) 2 are longer than 2.47 Å but typically range from 2.7 to 2.9 Å. The single-crystal study gives a narrow, 1.92-2.16 Å, range of Mg-H distances, which is only slightly broader than the theoretical 2.00-2.13 Å range.
We found that R-Mg(BH 4 ) 2 contains an unoccupied void, overlooked in the previously reported P6 1 models, accounting for 6.4% of space in the structure. It is large enough (37 Å 3 ) to accommodate a small molecule, like H 2 O. The void forms an infinite channel along the 00z direction, which may provide a path for hydrogen diffusion during initial stages of hydrogen desorption. It is remarkable that by ∼3% less dense high-temperature ?-phase contains no unoccupied voids.
A smooth variation of the cell parameters for the R-phase indicates that there is no hypothetical transition from the P6 1 22 structure to P6 1 or vice versa, and therefore the structure revision for the hexagonal phase is valid at all temperatures. The R-phase transforms into the ?-phase above 490 K; the latter is quenched (metastable) on cooling. The anomalous cell expansion of the ?-phase may be related to the evolution of the free energy profile far from the phase transition temperature.
